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The unbound nucleus 18Na, the intermediate nucleus in the two-proton radioactivity of 19Mg, was
studied by the measurement of the resonant elastic scattering reaction 17Ne(p,17Ne)p performed at 4
A.MeV. Spectroscopic properties of the low-lying states were obtained in a R-matrix analysis of the
excitation function. Using these new results, we show that the lifetime of the 19Mg radioactivity can
be understood assuming a sequential emission of two protons via low energy tails of 18Na resonances.
PACS numbers: 23.50.+z, 24.30.-v, 25.60.Bx, 21.10.Tg
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From near to beyond the drip-lines, the nuclear force
is no longer able to bind the interacting nucleons lead-
ing to instability of nuclei with respect to nucleon emis-
sion. On the proton-rich side of the chart of nuclides, the
pairing force may lead to a situation where a drip-line
nucleus is bound with respect to single proton emission
but unbound to two-proton emission [1, 2]. Several types
of two-proton emitters have been observed. On the one
hand, there are the short-lived (τ1/2 ≤ 10
−18 s) light
nuclei such as 6Be, 12O or 16Ne [2] where most proba-
bly the decaying ground state (g.s.) has large width so
that it overlaps with 1p emitter states in the interme-
diate nucleus and the two protons are emitted mainly
sequentially. On the other hand, there are the longer-
living (τ1/2 ∼ms) intermediate mass nuclei such as
45Fe,
54Zn or 48Ni [3] where the two protons could be emitted
simultaneously. In all cases, it is essential to know the
structure of the intermediate nucleus in order to under-
stand the emission mechanism. But in many cases, it
is very difficult to study experimentally the intermedi-
ate nucleus since it is located very far from the valley of
stability. A new case of two-proton radioactivity was ob-
served recently, this is 19Mg [4]. Its lifetime of 4.0(15) ps
makes 19Mg an intermediate case between the short and
long-lived nuclei. The measured lifetime and p-p angular
correlations [5] are well described by the predictions of
ref.[6] when assuming only d-wave single-particle states in
the low-lying structure of 18Na and thus a dominant d2
single-particle configuration for 19Mg. Theoretical cal-
culations of properties of 19Mg depend strongly on the
assumption made about the structure of 18Na and its
mirror nucleus. In this letter, we investigate both ex-
perimentally and theoretically the low lying spectrum of
18Na. We strongly refine the knowledge about the low-
lying spectrum of 18Na and find that there are also low-
lying s-wave states. These states should strongly boost
the expected two-proton width.
On the theoretical side, the structure of 18Na has been
predicted assuming a core of 17Ne + proton structure
[6] or by coupling a neutron hole to the lowest states in
19Na [7]. In both cases, the low-lying structure of 18Na
is found to have d-wave configuration. In the following,
another theoretical approach is described and predicts
also low lying s-wave states. The dimensionless reduced
widths θ2 (sometimes called spectroscopic factors) where
estimated with the shell model. The values shown in
Tab. I were obtained with the OXBASH code [8] and the
ZBM interaction [9] in the 1p1/2, 1d5/2 and 2s1/2 shells
space. It predicts that the first six low lying states can be
described mainly (with θ2 > 0.5) by single particle con-
2figurations. The 1−1 and the 2
−
2 states are well described
by the coupling |17Ne∗(3/2−)〉 ⊗ |πd5/2〉. The 2
−
1 and the
3−1 states arise from the coupling |
17Ne(1/2−)〉 ⊗ |πd5/2〉.
The two states 0−1 and 1
−
2 are described by the coupling
|17Ne(1/2−)〉⊗|πs1/2〉. The energies of the resonances can
be predicted accurately from the known analog states of
the mirror nucleus 18N [10] according to the following
prescription. We assumed pure core + neutron configu-
rations to describe the states in 18N. A nuclear Woods-
Saxon potential was fitted in order to reproduce the bind-
ing energy of the states in 18N. The obtained information
was used to infer the position of the mirror core + pro-
ton states in 18Na taking into account the Coulomb in-
teraction. The states 0−1 and 1
−
2 are not known in
18N
[10]. In order to infer their position in 18N, we used the
same method as in ref. [7]. We assumed the same mean
value as for the 19O 12
+
second excited state, i.e. ∼1.4
MeV [11] and an energy difference of 600 keV (that of
the 2− and 3− couple in 18N). The partial proton widths
were obtained using the relation Γi = θ
2ΓWi where Γ
W
is the Wigner limit. The calculated proton widths show
very small contribution of the inelastic channel and some
states are very narrow. A width of 22 keV is calculated
for the ground state, an even smaller value of 1.3 keV is
obtained if the spectroscopic factor given in the ref. [12]
is used. The spin-parity of the 18Na g.s. is predicted
to be 1− and the separation energy Sp=1.3 MeV. Other
mass extrapolation models [13] predicted separation en-
ergy for 18Na between Sp=1.5 MeV and Sp=1.9 MeV.
These values mean that all states in 18Na are unbound
to one-proton but also three-proton emission.
Experimentally, the 18Na nucleus was measured only
once using a stripping reaction [12, 14], but the
ground state was not clearly identified. Two peaks
were observed, one with a proton separation energy of
Sp=0.41(16) MeV and a width of Γ= 0.34(9)MeV, and
the other with Sp=1.26(17)MeV and Γ= 0.54(13)MeV. If
the first peak (Sp=0.41 MeV) corresponds to the ground
state, then its position is in strong disagreement with the
model predictions. Moreover, in this case, the 19Mg life-
time could not be understood since this nucleus would
decay with an extremely fast (τ1/2 ≤ 10
−18 s) sequen-
tial emission of two protons through the intermediate
18Na ground state resonance. Even though the second
peak seems more probable for the g.s., more experimen-
tal spectroscopic information is needed.
Resonant elastic scattering is a powerful method to in-
vestigate the structure of unbound nuclei [15] as it does
not only provide the energies of the states but also widths
and spins. However very few proton-rich unbound nuclei
are accessible experimentally due to very low beam in-
tensities as getting closer to the proton drip-line. The
unbound nucleus 18Na, the intermediate nucleus in the
two-proton radioactivity of 19Mg, is one of the rare un-
bound nucleus to be accessible. In this letter we report
on the measurement of the resonant elastic scattering re-
action p(17Ne,p)17Ne performed in inverse kinematics.
The pure beam of radioactive 17Ne3+ ions was pro-
duced by the Spiral facility at GANIL with a mean in-
tensity of 104 pps and accelerated at 4 A.MeV. A beam
of 17O3+ ions was also produced in similar experimen-
tal conditions for calibration by comparison with the
17O(p,17O)p reaction measured in direct kinematics [16].
The beam impinged on a fixed 50µm thick polypropy-
lene C3H6 target coupled to a second rotating 50µm thick
C3H6 target. The two targets together were thick enough
to stop the 17Ne beam. This method, described for the
first time in ref.[17], has enabled us to measure the exci-
tation function from 0.8 MeV to 3.8 MeV in the center-
of-mass. Scattered protons were detected by a ∆E-E
annular telescope of silicon detectors placed at forward
angles, called CD-PAD [18]. The telescope was composed
of a thin (≈40µm) double-sided stripped silicon detector
coupled to a 1.5mm thick silicon detector and was cov-
ering angles from 5 to 20 degrees in laboratory. The
scattered proton spectrum had background from beta-
delayed protons emitted in the beta decay of 17Ne. This
nucleus decays with a lifetime of 0.109 s and a proba-
bility to emit protons of ∼90%. More than 98% of the
β-delayed protons were rejected by using a 60 cm cir-
cular target (FULIS target [19]) rotating at 1000 rpm.
The ions were implanted in the target and moved away
before their decay. A supplementary Microchannel Plate
(MCP) was used for time of flight (ToF) and beam mea-
surement with an efficiency close to 100%. From ToF
measurement and ∆E-E selection, the scattered protons
were identified and the proton spectrum was obtained
(see Fig. 1). The residual β-delayed protons were sub-
2 4 6 8 10 12
0
0.2
0.4
0.6
experiment
pβresidual 
C background12
C background12fit of 
 
(b
/sr
)
Ω
/d
σd
 (MeV)LABE
FIG. 1: (Color online) Proton spectrum measured between
5 and 20 degrees in the laboratory, reconstructed at 0 deg.
The dashed red line represents a fit of the 12C background
measured in this experiment. The dotted blue points rep-
resent the remaining contribution of βp decay of 17Ne after
selection with ToF.
tracted following the same technique. The background
produced by the presence of 12C in the target was mea-
sured using a pure carbon target with equivalent thick-
ness and was also subtracted. Then, the proton spectrum
was converted to the CM excitation function by using a
Monte-Carlo algorithm taking into account the energy
3resolution of detectors and energy loss into the target.
An overall energy resolution of 15 keV was obtained. In
this analysis, it was assumed that protons were produced
by elastic scattering reactions only. Excitation function
thus obtained (see Fig. 2) shows that the Rutherford
scattering is dominant at low energy and it also shows at
energies higher than 1.5 MeV several resonances reflect-
ing the 18Na compound nucleus structure. Indeed, the
position of these resonances is related to the energy of
the excited states in the compound nucleus whereas their
widths and shapes provide information on lifetimes (and
spectroscopic factors) and spin-parity respectively. Spec-
troscopic properties of the low lying states in 18Na can
be extracted using an R-matrix analysis of the measured
excitation function. In order to perform this analysis, it
is essential to find good initial conditions for the fit. For
this, we used the properties predicted by the shell model
(see Tab. I). A fit with the R-matrix code Anarχ [20] was
performed with energies and widths for the resonances as
free parameters. The best fit obtained in this analysis is
presented in Fig. 2, with energies and widths of the res-
onances shown in Tab. I. The R-matrix fit agrees very
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FIG. 2: (Color online) Measured excitation function of the
17Ne(p,17Ne)p reaction presented as a function of CM en-
ergy. It is measured between 5 and 20 degrees (LAB) and
reconstructed at 180 degrees in the CM. Red and blue dotted
lines show the R-matrix calculations based on the properties
of the states given in Table I. The Red line is degraded by
the energy resolution of the experiment, the blue dotted line
is not. Three individual contributions are shown with black
lines.
well with the data in most part of the excitation function,
including the low energy region where the cross section
is mainly described by the Rutherford scattering. The
first visible peak at resonance energy Er=1.552(5) MeV
is a very narrow with a measured width of 5(3) keV, and
the shape of the peak agrees very well with a 2− spin as-
signment. These results are in excellent agreement with
the predictions for the 2−1 state (Er=1.5 MeV and Γ =
8 keV). The shape of the peak is not compatible with
a 1− spin-parity. This first peak is followed by a broad
peak which is well fitted when three resonances are taken
into account. It corresponds to two broad states with
spin-parity 0− and 1− and a narrower 3− state. This
is in good agreement with the predictions for the 0−1 ,
1−2 , 3
−
1 states. The 3
− resonance is found very close to
the predicted energy. The 1−2 resonance is down shifted
by about 400 keV. We note the absence of a peak lo-
cated at low energy and corresponding to the 1− ground
state. As the energy resolution was of 12 keV in the CM,
there are two possibilities: (i) either the 1− g.s. and the
2− first excited state of 18Na could not be resolved, this
means that the energy difference between the two states
is lower than 5 keV, (ii) or the 1− state is so narrow
that it is not visible. The latter would be in agreement
with shell-model calculations. Moreover, there may be a
broad peak around 1.360 MeV which would be in agree-
ment with the second peak of ref. [12] but it could also
correspond to some remnants of the β-p background. It
could appear surprising to have such narrow states in an
unbound nucleus located two steps beyond the proton
drip-line. In fact, the escaping proton is kept longer in-
side the emitting unbound nucleus due to the Coulomb
barrier, and also because of the structure of the state.
Indeed the overlapping of 18Na g.s. and 17Ne g.s. is
very small (θ2=0.086). Also, the 2−2 state is not visible
in our spectrum, meaning that its width is very small,
in agreement with the predictions. Zerguerras et al [12]
observed a peak at ∆M=24.19 MeV that was interpreted
as an inelastic contribution from an excited state located
at Er=1.8 MeV. This interpretation is compatible with
our results since the 0− state is located very close to this
energy (Er=1.82 MeV) and, within the uncertainties, the
branching ratio for the inelastic channel could be as high
as 15 %. Few events of multiplicity 2 or more were ob-
served. Our results are synthesized in the level scheme
of Fig. 3.
FIG. 3: States observed in 18Na and in the framework of 17Ne
g.s. Decay energies are given in keV relative to the respective
1p and 2p thresholds. Dotted lines correspond to very narrow
states that were not observed. The thickness of the lines is
proportional to the width of the state.
Lifetime of 19Mg for sequential two-proton decay
through low energy tails of 18Na resonances can be es-
timated using the quasi-classical R-matrix type model
from [21]. The main contributions arises through the
4Jpi Er θ
2 17Neg.s. θ
2 17Ne∗3/2− Γ to
17Neg.s. Γ to
17Ne∗3/2− Er Γ to
17Neg.s. Γ to
17Ne∗3/2−
(keV) 1d5/2 2s1/2 1d5/2 2s1/2 (keV) (keV) (this work) (this work) (this work)
1−1 1300 - 0.086 0.921 0.183 22 (1.3) 0 - < 1 <1
2−1 1500 0.644 - 0.311 0.042 8 0 1552(5) 5(3) <1
0−1 1650 - 0.759 - - 189 0 1842(40) 300(100) <10
2−2 1950 0.004 - 0.507 0.028 0.2 0.45 - < 1 < 1
1−2 2450 - 0.654 0.031 0.027 1275 4.8 2030(20) 900(100) <100
3−1 2050 0.621 - 0.109 - 31 0.04 2084(5) 42(10) < 1
TABLE I: (Left side)Predicted resonances energies of the low lying 18Na states, deduced from analog states in the mirror nucleus
18N when they are known or deduced from the 19O 1/2+ state (in italic), and dimensionless reduced widths θ2 calculated with
the shell model and the corresponding proton widths to the g.s and the first excited state of 17Ne (see text).(Right side)
Measured spin, resonance energies and widths of the low lying states in 18Na.
broader resonances in 18Na, that are ℓ = 0 decays, so
mainly from the 0−1 state (Γ2=550 keV) and from the 1
−
2
state (Γ2=500 keV). The calculated shell-model spectro-
scopic factors of 19Mg are: θ2
(
|18Na(0−
1
)〉 ⊗ |π2s1/2〉
)
=
0.0956 and θ2
(
|18Na(1−
2
)〉 ⊗ |π2s1/2〉
)
= 0.24. The esti-
mated partial decay widths via separate isolated s-wave
configurations are 2.4 10−10MeV (τ=1.9 ps) for the 0−
and 4.1 10−10MeV (τ=1.1 ps) for the 1−. They exceed
the total experimental width of Γexp=1.14 10
−10 MeV.
The contribution of the 1−1 ground state resonance to
the sequential decay is less than 1 %. It is clear that to
explain the discrepancy the weights of the s-wave config-
urations in 19Mg should be suppressed compared to the
weights obtained in the three-body calculations [6] and in
the shell-model calculations in this work (see θy = 0.096
and θy = 0.24). This implies strong domination of the
d-wave configurations in the structure of 19Mg or/and
configurations which can be interpreted as two protons
plus excited states of 17Ne. Existence or nonexistence of
the ground 1−1 state not observed in this experiment does
not influence this our conclusion.
In conclusion, the measurement of the resonant elastic
scattering reaction p(17Ne,p)17Ne allowed us to obtain
the properties of four low lying states in 18Na and sug-
gests the presence of a very narrow ground state. The
low-lying s-wave states observed imply important restric-
tions on the expected structure of 19Mg. It favours the
conclusion that the actual structure of 19Mg is strongly
different from what is expected so far from different cal-
culations. The sequential two-proton decay width of
19Mg nucleus via low energy tails of resonances corre-
sponding to s-states in 18Na accounts fully for the mea-
sured lifetime of 19Mg, meaning that the decay of 19Mg
is dominated by sequential emission.
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